Antipsychotic drugs are widely prescribed to elderly patients for the treatment of a variety of psychopathological conditions, including psychosis and the behavioral disturbances associated with dementia. However, clinical experience suggests that these drugs may be less efficacious in the elderly individuals than in the young. Recent studies suggest that aging may be associated with epigenetic changes and that valproic acid (VPA), a histone deacetylase inhibitor, may reverse such changes. However, it is not yet known whether HDAC inhibitors can modulate age-related epigenetic changes that may impact antipsychotic drug action. In this study, we analyzed conditioned avoidance response (CAR) and c-Fos expression patterns to elucidate the effect of HDAC inhibitors VPA and entinostat (MS-275) on behavioral and molecular markers of the effects of haloperidol (HAL) in aged mice. Our results showed that HAL administration failed to suppress the avoidance response during the CAR test, suggesting an age-related decrease in drug efficacy. In addition, HAL-induced c-Fos expression in the nucleus accumbens shell and prefrontal cortex was significantly lower in aged mice as compared with young mice. Pretreatment with VPA and MS-275 significantly improved HAL effects on the CAR test in aged mice. Also, VPA and MS-275 pretreatment restored HAL-induced increases in c-Fos expression in the nucleus accumbens shell and prefrontal cortex of aged mice to levels comparable with those observed in young mice. Lastly, but most importantly, increases in c-Fos expression and HAL efficacy in the CAR test of the HAL þ VPA and HAL þ MS-275 groups were correlated with elevated histone acetylation at the c-fos promoter region in aged mice. These findings suggest that pretreatment with VPA or MS-275 increases the behavioral and molecular effects of HAL in aged mice and that these effects occur via modulation of age-related histone hypoacetylation in the nucleus accumbens shell and prefrontal cortex.
INTRODUCTION
Elderly individuals (X65 years) represent approximately 12% of the population in the United States, and one of every five Americans (20%) will be a senior citizen within the next 20 years. Antipsychotic drugs are often among the medications prescribed to elderly patients to control symptoms of psychosis and the behavioral disturbances associated with dementia. Unfortunately, these medications appear to be less effective and produce more serious side effects in such older individuals (Lonergan et al, 2002) .
The therapeutic properties of antipsychotic drugs are mediated by gene expression and signal transduction mechanisms. Both typical and atypical antipsychotics induce the expression of immediate-early genes, such as c-fos, in a brain region-specific manner (de Bartolomeis et al, 2013; Kontkanen et al, 2002; Murphy and Feldon, 2001) . Regional patterns of c-Fos expression also reflect patterns of neuronal activity associated with the drug response. Specifically, induction of c-Fos expression in the nucleus accumbens and prefrontal cortex has long been used as a marker of neuronal activity and downstream genomic changes associated with antipsychotic drug action (Semba et al, 1996; Sumner et al, 2004) .
Aging and age-related diseases have been associated with site-specific changes in the genome that are mediated by epigenetic mechanisms (Ben-Avraham et al, 2012; Houston et al, 2013; Ricobaraza et al, 2009) . For example, studies have found that patterns of DNA methylation and histone modification change with age (Das and Tyler, 2012; Numata et al, 2012) . Alterations of histone acetylation in the hippocampus has been related to memory disturbances that occur with aging in animals (Peleg et al, 2010) . In addition, histone deacetylase (HDAC) inhibitors have been used as adjunctive treatments for several neuropsychiatric disorders (Graff et al, 2012; Kwok, 2010) . Valproic acid (VPA), a class I HDAC inhibitor, is primarily used not only as a mood stabilizer but also to augment the efficacy of antipsychotic drugs in patients with schizophrenia (Basan et al, 2004) . More specific HDAC inhibitors, such as MS-275, are currently being developed as treatments for different types of cancers (Juergens et al, 2011; Witta et al, 2012) . However, preclinical studies have suggested that MS-275 may also be useful for increasing the behavioral effects of antipsychotic drugs (Simonini et al, 2006) . In this study, we determined whether HDAC inhibitors VPA and MS-257 can restore the efficacy-like effects of HAL in aged mice by modulating histone acetylation at the c-fos promoter in the nucleus accumbens shell and prefrontal cortex.
MATERIALS AND METHODS

Animals
Young (2-3-months old) and aged (22-24-months old) C57BL/6 male mice (n ¼ 6-8/group) were obtained from Charles River Laboratories and the National Institute of Aging stock located in Charles River Laboratories (Bar Harbor, Maine). Animals were maintained in a temperature-controlled facility at 60% relative humidity and 20-21 1C on a 12-h light/dark cycle. Food and water were available ad libitum. All procedures were performed in accordance with the NIH guidelines for the treatment of rodents and the Current Guide for the Care and Use of Laboratory Animals under a protocol approved by the Northwestern University Animal Studies Committee. Animal care was taken to minimize the pain, suffering, and the number of animals used.
Drugs
All drugs used were purchased from Sigma (St Louis, MO), and every dose was freshly prepared before administration. Haloperidol (HAL, 0.01 mg/kg) was first dissolved in a small amount (50 ml) of glacial acetic acid and made to the final dose volume in 0.9% saline and the pH was adjusted to 6.0 with 0.1 M NaOH. VPA (415 mg/kg) was dissolved in 0.9% saline with pH 7.3. Entinostat (MS-275, 10 mg/kg) was dissolved in DMSO. All compounds and vehicles (saline 0.9%) were administered via the intraperitoneal (i.p.) route in a constant volume of 100 ml/10 g of body weight. Drugs were administered once a day for 14 consecutive days. VPA and MS-275 were injected 30 min before HAL administration. Behavioral, pharmacokinetic, and cellular/molecular studies were conducted 30 min after the last injection.
Behavioral Tests
Conditioned avoidance response (CAR). The CAR procedure test was performed based on previously published protocols (Darvas et al, 2011; Dong et al, 2009; Watt et al, 2013) , with slight modifications. Thirty minutes after the last drug administration, mice were placed in a two-way active avoidance (shuttlebox) apparatus (No. EI0-16SC, Coulbourn Instruments) with two equal chambers separated by an open doorway. Upon presentation of a 80-dB white noise conditioned stimulus (CS), the mice had 10 s to move from one compartment of the shuttlebox into the other. If the mice remained in the same compartment for 410 s, the unconditioned stimulus (UCS), an intermittent electric foot shock (0.5 mA of 0.5 s; 2 s of intershock interval), was presented in the grid floor until an escape was performed. If the animal did not respond during the 30 s of the shock period, the trial was terminated (escape failure). Inter-trial intervals varied between 20 and 40 s. The animals underwent 20 trials for 4 consecutive days. The following variables were recorded: avoidance (response to CS within 10 s), escape (response to CS and UCS within 30 s), and escape failure (failure to respond). All data were shown as percentages (%) of avoidance, which was the ratio of number of avoidance responses to the total number of trials multiplied by 100.
Plasma and Brain Concentrations of HAL
The plasma and brain concentration of HAL was measured using LC-MS/MS (Prominence 2000 series liquid chromatography system, Shimadzu, Kyoto, Japan coupled to an API-5000 mass spectrometer, Applied Biosystems, Foster, CA). A HAL standard curve using 30 ml of serially diluted HAL in acetonitrile into 30 ml of blank plasma or blank Â 5 brain homogenates with final concentration range from 0.01 to 30 ng/ml plasma (or ng/g brain homogenate) was used to determine HAL concentration in the plasma or brain in mice dosed at 0.01 mg/kg. Following protein precipitation by acetonitrile containing 0.1% of formic acid and 0.1 mg/ml of diazepam (internal standard), samples were cleared by centrifugation (15 min, 3500 rpm, 4 1C) and fractionated on a XBridge C18 column (5 mm, 2.1 Â 50 mm 2 ; Waters Corporation, Milford, MA) using a 0.1% formic acid/water to 0.1% formic acid/acetonitrile gradient with a flow rate of 0.3 ml/min. Detection of HAL and diazepam was carried out by positive electrospray ionization mode with transitions of m/z 376.3-123.1 and m/z 285-193, respectively. The ratio of chromatographic peak areas of HAL to diazepam was used to calculate the HAL concentration. Brain concentration was calculated by multiplying dilution factor of five to brain homogenate concentration.
Immunohistochemistry
The procedures for c-Fos immunohistochemical staining followed the published protocols (Deutch et al, 1992; Zhao and Li, 2010) . Thirty minutes after drug administration, animals were deeply anesthetized and perfused transcardially with 4% paraformaldehyde. Brains were removed, post-fixed and cut into 40-mm thick sections in the coronal plane using a cryostat (Leica CM 1850 UV; Leica, Nussloch, Germany). Approximately 80 sections from each animal were divided into equal quarters in a systemic-uniformrandom manner, and one set of 20 sections was used for c-Fos immunohistochemical staining. Selected brain sections were incubated with a rabbit polyclonal anti-c-Fos antibody (Santa Cruz, 1 : 20000) overnight at 4 1C. After washing, the sections were incubated in biotinylated antirabbit secondary antibody (1 : 200) for 2 h (Vectastain Elite ABC Kit, Vector Laboratories) and then in an avidin-biotin complex for 1 h at room temperature. c-Fos-positive cells were visualized using a DAB kit (Vector Laboratories). As a control, the primary antibody was substituted with normal rabbit serum. For the counting of c-Fos-positive cells, photomicrographs were captured with a digital camera using Â 40 magnification. The brain regions selected for analysis include the nucleus accumbens shell and the prefrontal cortex, located at Bregma 1.80 mm based on the mouse atlas (Paxinos and Franklin, 2008) . Positive c-Fos cells were characterized by clear dark-brown-labeled, round or oval nuclei. Cell counts were made within a 680 Â 510 mm 2 unit area using the Image J software (US National Institutes of Health). c-Fos-positive cells were averaged to obtain the final mean±SEM.
Western Blotting
Nucleus accumbens shell and prefrontal cortex tissue samples were collected from 300 mm coronal mouse brain cryosections using a 1-mm microdissection punch. Collected tissue was then frozen and stored at À 80 1C until further use. Brain tissue was homogenized in 3% (w/v) icecold T-PER tissue protein extraction reagent (Thermo Scientific). The homogenates were centrifuged at 20 000 g for 10 min at 4 1C, and the supernatants were used for immunoblotting. Protein content was measured using the BCA protein assay kit (Thermo Scientific) according to the manufacturer's instructions. Samples were separated on 8-15% Bis-Tris gel and transferred onto a nitrocellulose membrane (Invitrogen). Blots were blocked and immunostained overnight at 4 1C with primary antibody against c-Fos (Santa Cruz) or b-actin (Santa Cruz) in blocking buffer. The membrane was then incubated with a 1 : 3000 dilution of HRP-conjugated secondary goat anti-mouse or anti-rabbit antibodies for 2 h at room temperature. Blotted protein was detected and quantified using the ChemiDocMC Imaging System (Bio-Rad) and Image J Software. Levels of target protein expression were normalized to b-actin.
Chromatin Immunoprecipitation Assay
The commercially available Magna ChIP G Tissue Kit (17-20000, Millipore) was used. Fragmented chromatin lysate (400-600 bp) was immunoprecipitated with 5 mg of antibody directed against histone H3 acetyl Lys 27 (H3K27ac, Active Motif) and histone H4 acetyl Lys (H4K12ac, Millipore). After immunoprecipitation, the DNA-histone complex was incubated with salmon sperm DNA/protein A-agarose beads for 1 h for non-specific binding. The DNA-histone complex was eluted from the beads with NaHCO3/SDS and dissociated at 65 1C for 4 h under high-salt conditions. Proteins were digested using proteinase K treatment. The DNA, associated with acetylated histones, was precipitated with 100% ethanol and resuspended in 80 ml of PCR-grade water.
Quantitative Real-Time PCR Levels of specific histone modifications at the promoter regions of genes were measured using primers targeting c-fos (forward: 5 0 -GCGATTGCAGCTAGCAACTGAGAA-3 0 , reverse: 5 0 -CGCGTTGAAACCCGAGAACATCAT-3 0 amplified region 140 bp upstream of the start codon) and b-actin (forward: 5 0 -GCGTCCACCCGCGAGTACAA-3 0 , reverse: 5 0 -TCCATGGCGAACTGGTGGCG-3 0 ) as our control inputs, and immunoprecipitated DNA amplification reactions were run in triplicates in the presence of SYBR Green (Applied Biosystems). Fold differences were determined by raising 2 to the power of DCt.
Statistical Analysis
All data are expressed as mean ± SEM. Two-way analysis of variance (ANOVA) was used to assess the effects of age and drug administration (treatment) on avoidance response, HAL concentrations in the plasma and brain, levels of acetylation of H3K27 and H4K12 at c-fos promoter and c-Fos-positive cells and protein levels in the nucleus accumbens shell and prefrontal cortex. Post-hoc differences were assessed using Bonferroni's post-hoc test only when a significant main effect or interaction was found. The level of statistical significance was set as po0.05.
RESULTS
Pretreatment with HDAC Inhibitors Improves HAL Efficacy in Aged Mice
There was a significant effect of treatment (F 5,70 ¼ 13.32, po0.0001) and an age Â treatment interaction (F 5,70 ¼ 2.996, po0.01) but no effect of age (F 1,70 ¼ 1.439, p ¼ 0.2344) in the percentage (%) of avoidance response in the CAR test. Bonferroni's post-hoc analysis revealed a significant decrease in the percentage of avoidance response during Trial 2 (po0.05), Trial 3 (po0.05), and Trial 4 (po0.05) of HAL-treated young mice compared with salinetreated young mice (Figure 1a and b) . Similarly, a significant decrease was observed in the percentage of avoidance response during Trial 2 (po0.05), Trial 3 (po0.05) and Trial 4 (po0.05) of HAL þ VPA-and HAL þ MS-275-treated young mice compared with saline-treated young mice (Figure 1a and b) . In aged mice, no differences were found in HAL-treated aged mice relative to salinetreated aged mice across the different trials in the CAR test, suggesting that the efficacy of HAL is decreased in aged mice. However, a significant decrease in the percentage of avoidance was observed during Trial 2 (po0.001), Trial 3 (po0.01), and Trial 4 (po0.01) of HAL þ VPA-treated mice ( Figure 1c ) and Trial 2 (po0.01), Trial 3 (po0.001), and Trial 4 (po0.001) of HAL þ MS-275-treated (Figure 1d ) aged mice relative to saline-or HAL-treated aged mice. These results indicate that pretreatment of VPA and MS-275 decrease the avoidance response in HAL-treated aged mice, suggesting that HDAC inhibitors may restore the efficacy of HAL in aging.
Lack of Age-Related Changes of HAL Levels in the Plasma and Brain
To exclude the possibility that any observed effects of age on the efficacy of HAL is due to pharmacokinetic changes in the body or brain, HAL concentrations in plasma and brain samples from young and aged mice were measured (Table 1) . Plasma and brain HAL concentrations were within the expected ranges in both the young and aged mice groups. Two-way ANOVA analysis revealed no significant effect of age (F 1,18 Immunohistochemical staining. We used an immunohistochemical approach to examine how age and treatment affected c-Fos protein expression in the nucleus accumbens shell and the prefrontal cortex (Figure 2 ).
Nucleus accumbens shell. Two-way ANOVA showed a significant effect of treatment (F 5,70 ¼ 49.85, po0.0001) and an age Â treatment interaction (F 5,70 ¼ 9.54, po0.0001) but no effect of age (F 1,70 ¼ 1.03, p ¼ 0.3127). Bonferroni Brain and plasma concentrations were assessed on the last day of treatment, 30 min after the last dose. Brain:plasma ratio was calculated as the ratio of brain to plasma HAL concentration. No significant differences were found between the young and aged mice groups in HAL concentration of the brain and plasma and brain:plasma ratio. Data represent mean±SEM (n ¼ 4-5). Prefrontal cortex. Two-way ANOVA analysis showed a significant effect of age (F 5,82 ¼ 29.25, po0.0001), treatment (F 5,82 ¼ 47.66, po0.0001), and an age Â treatment interaction (F 5,82 ¼ 10.46, po0.0001). Bonferroni's post-hoc tests showed a significant increase in c-Fos protein levels in young mice treated with HAL (po0.05) when compared with saline. This increase in c-Fos-positive cells after HAL treatment was not observed in aged mice. In young mice groups, a significant increase was observed in HAL þ VPA (po0.01) and HAL þ MS-275 (po0.01) treated mice as compared with HAL-treated mice. In aged mice groups, a significant increase in c-Fos-positive cells was observed in HAL þ VPA (po0.001) and HAL þ MS-275 (po0.001) treated mice relative to either saline-or HAL-treated mice (Figure 2c and d) .
post-hoc
Western blotting
Nucleus accumbens shell. Two-way ANOVA revealed a significant effect of age (F 1,24 ¼ 10.74, po0.01), treatment (F 5,24 ¼ 28.22, po0.0001), and an age Â treatment interaction (F 5,24 ¼ 8.54, po0.0001). Bonferroni post-hoc tests showed a significant increase in c-Fos protein levels in HAL-treated young mice as compared with saline-treated young mice. This increase in c-Fos protein levels was not observed in HAL-treated aged mice. However, a significant increase was found in HAL þ VPA (po0.01) and HAL þ MS-275 (po0.001) treated mice as compared with either saline-or HAL-treated mice (Figure 3a and b) .
Prefrontal cortex. Two-way ANOVA revealed a significant effect of age (F 1,42 ¼ 7.57, po0.01), treatment (F 5,42 ¼ 15.28, po0.0001), and an age Â treatment interaction (F 5,42 ¼ 2.36, po0.05). Bonferroni's post-hoc analysis found a significant increase in c-Fos protein levels in HALtreated young mice relative to saline-treated young mice. This increase was not observed in HAL-treated aged mice when compared with saline-treated aged mice. However, a significant increase in c-Fos protein levels was observed in HAL þ VPA (po0.001) and HAL þ MS-275 (po0.05) treated aged mice as compared with HAL-treated aged mice (Figure 3c and d) .
Pretreatment with HDAC Inhibitors Reverses Hypoacetylation at the c-fos Promoter Region in the Nucleus Accumbens Shell and Prefrontal Cortex in HAL-Treated Aged Mice
Nucleus accumbens shell. Two-way ANOVA analysis found a significant effect in treatment (F 5,32 ¼ 71.75, po0.0001), age Â treatment interaction (F 5,32 ¼ 13.64, po0.0001) but not in age (F 1,32 ¼ 3.16, p ¼ 0.0851). Bonferroni post-hoc analysis found a significant increase in H3K27 acetylation at the c-fos promoter in HAL-treated (po0.01) young mice when compared with saline-treated young mice. In addition, a significant increase was found in HAL þ MS-275-treated (po0.05) young mice as compared with HAL-treated young mice. In aged mice groups, no differences in H3K27 acetylation were found between salineand HAL-treated mice. However, a significant increase was observed with HAL þ VPA (po0.001) and HAL þ MS-275 (po0.001) treated aged mice relative to either saline-or HAL-treated aged mice groups (Figure 4a ).
In the H4K12, two-way ANOVA analysis found a significant effect in age (F 1,24 ¼ 274.81, po0.0001), treatment (F 5,24 ¼ 299.46, po0.0001) , and an age Â treatment interaction (F 5,24 ¼ 20.57, po0.0001 ). Bonferroni's post-hoc analysis found a significant increase in H4K12 acetylation at the c-fos promoter of HAL-treated young mice relative to saline-treated young mice (po0.001). A significant increase was also observed in HAL þ VPA-(po0.001) and HAL þ MS-275-(po0.001) treated young mice relative to salinetreated young mice. In the aged mice groups, no differences were found between saline and HAL-treated mice. However, a significant increase was observed with HAL þ VPA (po0.001) and HAL þ MS-275 (po0.001) treated aged mice as compared with either saline or HAL-treated aged mice (Figure 4b ).
Prefrontal cortex. Two-way ANOVA revealed a significant effect in treatment (F 5,24 ¼ 247.84, po0.0001 ) and an age Â treatment interaction (F 5,24 ¼ 29.31, po0.0001) but not in age (F 1,24 ¼ 2.27, p ¼ 0.1446). Bonferroni post-hoc analysis found that a significant increase in H3K27 acetylation was observed in HAL-treated aged mice relative to saline-treated young mice (po0.001). This increase in H3K27 acetylation was not observed in HAL-treated aged mice relative to saline-treated aged mice. However, a significant increase in H3K27ac was found in HAL þ VPA (po0.001) and HAL þ MS-275 (po0.001) treated aged mice when compared with either saline or HAL-treated aged mice (Figure 4c ). In the H4K12ac, two-way ANOVA revealed a significant effect in age (F 1,24 ¼ 339.4, po0.0001) but not in treatment (F 5,24 ¼ 1.851, p ¼ 0.1409) and age Â treatment interaction (F 5,24 ¼ 2.108, p ¼ 2.108). Bonferroni's post-hoc analysis found a significant age-related decrease in saline-, HAL-, HAL þ VPA-, VPA-, HAL þ MS-275-, and MS-275-treated mice (po0.001). No differences were found across the different drug treatment groups in either young or aged mice (Figure 4d) .
These results show that pretreatment of HDAC inhibitors increase acetylated levels of H3K27 and H4K12 at nucleus accumbens shell, but only at H3K27ac of the prefrontal cortex, in HAL-treated aged and young mice. These findings suggest that aging induces hypoacetylation at the c-fos promoter of the nucleus accumbens shell and prefrontal cortex, which can be reversed by pretreatment of HDAC inhibitors in HAL-treated aged mice.
To assess whether levels of acetylation at the c-fos promoter in the nucleus accumbens shell and prefrontal were related to changes in HAL efficacy (percentage of avoidance response) within individual animals, a Pearson's linear regression analysis was performed. Our results revealed that levels of acetylation in H3K27 at c-fos promoter in the nucleus accumbens shell were directly correlated with the percentage of avoidance response across the different drug treatment groups of aged mice (r ¼ 0.7944, po0.0001) but not of young mice (r ¼ 0.3013, po0.0646) (Figure 5a and b) . In the prefrontal cortex, levels of acetylation in H3K27 were directly correlated with the 
DISCUSSION
In this study, we investigated how age-related epigenetic alterations impacted the behavioral and molecular effects of the antipsychotic drug HAL and whether HDAC inhibitors could mitigate these effects. Our results suggest that reversal of histone hypoacetylation at the c-fos promoter in the nucleus accumbens shell and prefrontal cortex may be a mechanism by which HDAC inhibitors VPA and MS-275 can restore the capacity of aged mice to respond to HAL. We evaluated the effects of HDAC inhibitors on HAL efficacy in mice using CAR. CAR paradigm is a wellestablished test for assessing the potential for antipsychotic drug efficacy in preclinical studies (Wadenberg, 2010) . Both typical and atypical antipsychotics selectively suppress the avoidance response. HAL, in particular, has been extensively studied using this preclinical model (Guidotti et al, 2009; Kapur, 2003) . In our study, we found that the capacity of HAL to suppress the avoidance response was diminished in aged mice.
Antipsychotic drugs also induce the expression of immediate early genes, including c-fos, in a brain-regionspecific manner. One of the key neural sites of antipsychotic action is the nucleus accumbens shell (Deutch et al, 1992; Robertson et al, 1994; Semba et al, 1999) as both typical and atypical antipsychotic drug induce c-Fos expression in this brain region. These effects have been related to the therapeutic properties of antipsychotic drugs (Lieberman et al, 2008; Robertson et al, 1994) . More recently, the prefrontal cortex has been identified as another brain subregion area that may be involved in antipsychotic efficacy (Wadenberg et al, 2007) . C-Fos induction by pharmacological stimuli is reduced in both nucleus accumbens and prefrontal cortex of aged mice (Burke and Barnes, 2006; Nagahara and Handa, 1997) . The results of our study replicate and extend these findings.
Epigenetic drift likely occurs during aging and results in altered gene expression patterns that compromise function and cellular adaptations to environmental stimuli (Desjardins et al, 1997) , including stimuli that are related to learning and memory (Burke and Barnes, 2006; Tanic et al, 2007) . For example, a recent study found that age-related decreases of Arc gene transcription in the hippocampus is mediated by DNA methylation and results in decreased gene transcription, decreased plasticity, and disruptions in memory storage and retrieval processes (Penner et al, 2011) . Histone modifications have also been found to have a role in age-related memory impairment. Recent data suggest that decreases in acetylated H4 lysine 12 (H4K12ac) of learning-induced genes in the aged hippocampus may be associated with memory consolidation deficits (Peleg et al, 2010) . These age-related histone acetylation changes and behavioral changes were reversed by the administration of HDAC inhibitors, presumably by increases in the expression of learning-induced genes in the hippocampus. This suggests that histone acetylation may be a critical target for reversing age-related memory deficits. However, whether aging-induced epigenetic modification has a role in responses to psychotropic medications in the brain is not known.
In this study, we found age-related decreases in c-Fos expression in the nucleus accumbens shell and prefrontal cortex of HAL-treated mice that were correlated with histone hypoacetylation at the c-fos promoter region. H3K27 and H4K12 acetylation markers were differentially regulated in the nucleus accumbens shell and prefrontal cortex. These brain-region-specific changes in the acetylation of H4K12 could reflect age-related decreases in histone acetylation. However, the differences observed in acetylation between the nucleus accumbens shell and prefrontal cortex may be related to the more critical involvement of the nucleus accumbens shell in the mediation of antipsychotic efficacy. This notion is supported by a study showing that local application of antipsychotics in this brain region significantly suppresses the avoidance response (Deutch et al, 1992; Semba et al, 1999) . In other words, elevating the levels of acetylation at the c-fos promoter in the nucleus accumbens shell may be specifically required for an optimal response to antipsychotic drugs.
HDAC inhibitors have been used to increase acetylated levels of genes, thus restoring the expression of genes that are compromised during aging (Peleg et al, 2010; Tang et al, 2011) . In addition, preclinical and clinical studies have found that VPA, a class I HDAC inhibitor, can augment the therapeutic effects of antipsychotics (Guidotti et al, 2009; Suzuki et al, 2009) . To evaluate whether VPA can also restore the behavioral effects of HAL in aged mice, we used the CAR test and found that pretreatment with VPA restored the ability of HAL to suppress the avoidance response in aged mice and in a manner that was probably associated with the modulation of histone acetylation.
It is noteworthy that VPA can influence neuronal activity through mechanisms other than epigenetic regulation. For example, VPA affects GABAergic and glutamatergic systems, kinase pathways, and gene expression and transcription factors. VPA has also emerged as an anti-neoplastic agent that can influence cell growth, differentiation, and apoptosis. In addition, VPA displays a neuroprotective function in several animal models of neurodegenerative diseases (Nuutinen et al, 2010) . However, recent findings suggest that all of these diverse actions of VPA may be mediated through its action as a HDAC inhibitor (Chuang et al, 2009; Monti et al, 2009 ). In our study, increases in c-Fos expression after pretreatment with VPA were correlated with increased acetylation at the c-fos promoter. These results suggest that pretreatment with VPA may have restored c-Fos expression in the nucleus accumbens shell and prefrontal cortex by increasing acetylation levels at the promoter region.
To further support the notion that the restoration of the effects of HAL on c-Fos protein levels in the nucleus accumbens shell and prefrontal cortex is mediated by histone acetylation modulation, we examined an additional HDAC inhibitor MS-275. We again found that pretreatment of MS-275 restored the ability of HAL to suppress the avoidance response in aged mice. Although both compounds are class I HDAC inhibitors, the structure and function of VPA and MS-275 differ. While VPA is a broad-acting class I HDAC inhibitor, MS275 is more selective for HDAC1 (IC 50 ¼ 300 nM) over HDAC3 (IC 50 ¼ 8 mM) (Kazantsev and Thompson, 2008; Khan et al, 2008) . Additionally, MS-275 may have more potent and long-lasting effects than VPA (Simonini et al, 2006) . The future study of even more selective subtypes of class I HDAC inhibitors will allow us to identify specific epigenetic changes that are involved in influencing the efficacy of HAL and other antipsychotic drugs under a variety of physiological conditions. Moreover, future studies involving the study of age-related changes in the brain's dopaminergic system may help to identify the specific molecular mechanisms that underlie how aging may be related to other effects of antipsychotic drugs, such as their acute and chronic neurological side effects.
In conclusion, the results of this study suggest that pretreatment with the HDAC inhibitors VPA and MS-275 may be a useful strategy for restoring the normative effects of HAL in animals and possibly for augmenting the clinical efficacy in aged patients. Our results also provide new insights into the epigenetic mechanisms that may be involved in mediating the effects of aging on the brain's dopaminergic system.
